Natural isolates of pathogenic bacteria can exhibit a broad range of phenotypic traits. To investigate the molecular mechanisms contributing to such phenotypic variability, we compared the genomes, transcriptomes, and proteomes of two natural isolates of the gram-negative bacterium Burkholderia pseudomallei, the causative agent of the human disease melioidosis. Significant intrinsic genomic, transcriptional, and proteomic variations were observed between the two strains involving genes of diverse functions. We identified 16 strainspecific regions in the B. pseudomallei K96243 reference genome, and for eight regions their differential presence could be ascribed to either DNA acquisition or loss. A remarkable 43% of the transcriptional differences between the strains could be attributed to genes that were differentially present between K96243 and Bp15682, demonstrating the importance of lateral gene transfer or gene loss events in contributing to pathogen diversity at the gene expression level. Proteins expressed in a strain-specific manner were similarly correlated at the gene expression level, but up to 38% of the global proteomic variation between strains comprised proteins expressed in both strains but associated with strain-specific protein isoforms. Collectively, >65 hypothetical genes were transcriptionally or proteomically expressed, supporting their bona fide biological presence. Our results provide, for the first time, an integrated framework for classifying the repertoire of natural variations existing at distinct molecular levels for an important human pathogen.
Natural isolates of pathogenic bacteria can often exhibit a wide range of behavioral phenotypes, including striking differences in clinically important traits such as growth rate, host selectivity, and virulence (1, 8) . Identifying the molecular mechanisms responsible for generating, regulating, and constraining the phenotypic diversity of pathogens is a critical area of study, as such knowledge has significant implications for many areas of infectious diseases research, including the acquisition of drug resistance, vaccine design, and the emergence of new diseases (16) . Previous reports studying the molecular diversity of pathogens have largely been restricted to comparing isolates at single-cell levels, such as for variations in genomic DNA (10, 12) , RNA (14) , and surface polysaccharides (23, 32) . Although these studies have been useful, deciphering the general processes regulating pathogen diversity in the natural environment will undoubtedly require defining how, and to what extent, molecular variations at distinct cellular levels (DNA, RNA, and protein) are integrated with one another to ultimately shape the pathogenic phenotype. With the increasing availability of technologies such as high-throughput sequencing, microarrays, and proteomic tools, it is now becoming possible to address such questions on a genomewide scale (15) .
The gram-negative pathogen Burkholderia pseudomallei is an environmental saprophyte endemic to southeast Asia and northern Australia and the causative agent of the human and animal disease melioidosis (7) . Melioidosis is a serious, frequently fatal condition often characterized by severe pulmonary distress with frequent progression to septicemia and death (4, 5, 7) . In areas where this bacterium is widespread, infections by B. pseudomallei have been estimated to be responsible for up to 20 to 30% of all mortalities due to septicemia (29) . The bacterium is thus regarded as a major tropical pathogen (34) and has also been classified by the United States Centers for Disease Control as a category B biowarfare agent (25) . No vaccine is currently available for B. pseudomallei, and its high mortality rate is due in part to the diverse clinical presentations of melioidosis patients (35) , which can result in misdiagnosing the disease and initiating treatment with inappropriate antimicrobial regimens.
There are numerous clinical observations suggesting that different strains of B. pseudomallei can exhibit considerable variability in phenotypic behavior. For example, exposure to the bacterium can result in highly distinct clinical outcomes, ranging from asymptomatic seroconversion and acute infection to a chronic latent stage where the bacterium lies dormant in the host only to be reawakened decades later (34) . In addition, distinct isolates of B. pseudomallei have also been shown to exhibit differences in antibiotic sensitivity and polysaccharide coat content (20, 23) . The genome sequence of B. pseudomallei strain K96243 has recently been described (17) , and consistent with its complex biology, the B. pseudomallei genome is comparatively large compared to that of other bacteria (7.2 Mb) and possesses more than 5,600 predicted genes, a number comparable to that of eukaryotic organisms such as Schizosaccharomyces pombe. An analysis of the B. pseudomallei K96243 genome revealed the presence of several "genomic islands" that appear to have been recently acquired, and it was proposed that the differential presence of these genomic islands in distinct B. pseudomallei strains may contribute to the phenotypic diversity of this bacterial species.
In this report, we sought to gain insights into the molecular processes contributing to the phenotypic diversity of B. pseudomallei by performing an integrated genomic, transcriptional, and proteomic comparison of two unrelated B. pseudomallei isolates. To our knowledge, this effort represents the first time that such a multilevel analysis has been performed for a human pathogen. We observed significant intrinsic differences between the strains at all three molecular levels and found that alterations at one level (e.g., transcriptional) could frequently be related to corresponding changes at another (e.g., genomic). Two general findings were of particular interest. First, we found that a remarkably high proportion (43%) of the gene expression differences between the strains could be attributed to genes that were differentially present between the two isolates, demonstrating the importance of lateral gene transfer or gene loss events in contributing to pathogen diversity at the gene expression level. Another unanticipated finding was that more than one-third (38%) of the global proteomic differences between the strains were composed of proteins expressed in both strains but associated with strain-specific protein isoforms. Our results, which are likely to be applicable to other microbes, provide a framework for classifying and integrating, at distinct cellular levels, the spectrum of naturally occurring molecular variations for an important human pathogen.
MATERIALS AND METHODS
Bacterial strains and phenotypic assays. B. pseudomallei strains K96243 and ATCC 15682 were provided by the Defence Medical and Environmental Research Institute and maintained on LB agar. Growth curves were generated by growing concentrated starter cultures in LB broth at 37°C for 24 h and analyzing increases in optical density and CFU with Microfit Ver. 1.0 software (www.ifr .bbsrc.ac.uk). The graphs in Fig. 1b represent the averages from three independent experiments. Caenorhabditis elegans killing assays were performed (13); four to six replicate plates were tested for each strain. One-sided log rank tests were used to compare the two strains. P values of Ͻ0.05 were considered statistically significant.
DNA microarrays. Details of the B. pseudomallei microarrays have been published (22) and are also described on our website (www.omniarray.com /Bpm_Different_Strains/Supplemental). Briefly, the arrays contain Ͼ6,000 probes corresponding to predicted open reading frames (ORFs) in the B. pseudomallei K96243 reference genome. Probes, ranging from 300 to 1,000 bp in length, were PCR amplified from K96243 genomic data and spotted in duplicate onto coated glass slides (Full Moon BioSystems). After elimination of redundant sequences, the final microarray contains 5,457 nonoverlapping array probes covering the B. pseudomallei genome. A computer file and interactive genome browser mapping the array probes onto ORFs annotated by the Sanger Centre can be accessed at www.omniarray.com/pseudomallei.
Array-based comparative genomic hybridization. Bacterial cultures were harvested for molecular analysis at the late stationary growth phase. Detailed experimental protocols are provided on our website. Genomic DNAs from the test (e.g., Bp15682) and reference (K96243) strains were fluorescently labeled by nick translation and cohybridized to the microarray. Reciprocal dye-swap hybridizations were performed for all strains. Fluorescent microarray images were acquired using a Genepix Scanner (Axon array-based comparative genomic hybridization) and analyzed using Genepix Pro software (v 4.0). Each array was internally normalized between the Cy3 and Cy5 channels, mean centered, and FIG. 1. Integrative genomic, transcriptional and proteomic comparisons of B. pseudomallei strains. A) Schematic of overall experiment. Multiple independent batches of B. pseudomallei strains K96243 and Bp15682 were grown in rich (LB) medium and subsequently harvested for simultaneous comparative genomic, expression profiling, and proteomic analysis. B) Growth curves of B. pseudomallei strains. Strains K96243 (brown) and Bp15682 (green) exhibit similar growth rates, with doubling times of 48 min (K96243) and 58 min (Bp15682), as assessed using viability counts. C) Virulence of B. pseudomallei strains using a C. elegans host system. The y axis represents the percentage of C. elegans surviving after incubation with the bacterial strain for different time periods (postinfection, x axis). The black line represents an Escherichia coli OP50 negative control, where no C. elegans killing is observed. Strain K96243 exhibits greater nematocidal activity than Bp15682 (P Ͻ 0.001, log-rank test). Expression profiling. Total RNA was extracted from bacterial cultures using Trizol reagent (Invitrogen Life Technologies), followed by mRNA enrichment using the MEGAclear and MICROBExpress kits (Ambion). Fluorescently labeled cDNAs were prepared from 1.5 g of mRNA using an indirect aminoallyldUTP labeling procedure (Ambion). Reciprocal dye-swap hybridizations were performed for all paired cultures. Fluorescence data were averaged and normalized as above. Genes exhibiting strain-specific patterns of mRNA abundance were identified by comparing Bp15682 and K96243 microarrays (six independent batches) against their reciprocal hybridizations using significance analysis of microarrays (SAM) at an n-fold-change cutoff of 3.0 and a ⌬ of 1.5 (30) . Since SAM measures the relative n-fold difference between arrays and their reciprocals, this corresponds to an absolute n-fold change of 1.5 between Bp15682 and K96243. Visualization of microarray data was performed using Expressionist (Genedata) or TREEVIEW software (Stanford University).
Proteomic profiling. Detailed experimental protocols are provided on our website S3. Proteins from bacterial cultures were separated for two-dimensional electrophoresis using a pH range of 3 to 10. Silver-stained gels were analyzed using PDQuest 7.1 (Bio-Rad). Four independent replicate gels were analyzed for each batch culture. To identify proteins, silver-stained protein spots were excised, digested, and subjected to peptide mass fingerprinting using an Axima CFR Plus matrix-assisted laser desorption ionization-time of flight (MALDI-TOF)-mass spectrometer (Shimadzu/Kratos, Manchester, United Kingdom). Each mass spectrum was an average of 20 profiles. Spectra were submitted to a B. pseudomallei database containing all predicted ORF sequences using MASCOT software (Matrix Science).
To compare the gene expression levels of the detected protein population against all genes (see Fig. 4B ), we utilized the normalized intensities of each channel corresponding to the batch 6 microarrays. The expression units in Fig.  4B correspond to the log-transformed absolute hybridization intensity measurements of the array probes in either the Cy3 channel (pink, all genes; red, detected proteins) or Cy5 channel (blue, all genes; green, detected proteins), after background subtraction and intra-array channel normalization. We emphasize that when single genes are analyzed, two-channel arrays can be reliably used only to measure ratios. Within each channel, however, the overall spread of the log- transformed hybridization intensities for all array probes follows a normal distribution (see our website). This property makes it feasible to compare the mean intensity of a selected subset of array probes (i.e., those corresponding to the detected proteins) to the mean intensity of the global population to detect global biases in gene expression abundance. Correlations between transcriptional and proteomic data were performed using either one-tailed z-tests ( 
RESULTS
Phenotypic analysis of B. pseudomallei isolates. We selected two B. pseudomallei strains for comparison, K96243, a clinical isolate from Thailand whose genome has been sequenced (17) , and ATCC 15682 (Bp15682), a type strain isolated from a monkey. The two strains were selected as they exhibit several phenotypic similarities and differences. For example, both strains display highly similar growth rates in rich LB medium, with average doubling times of 49 min for K96243 and 58 min for Bp15682 (log growth) (Fig. 1B) . However, K96243 exhibits greater virulence than Bp15682 towards C. elegans, using a previously described B. pseudomallei/C. elegans infection assay (13) ( In interstrain A and B panels (left and middle panels), expression ratios of K96243 versus Bp15862 (K9vBp) arrays (y axis) were plotted against Bp15682 versus Bp15682 (BpvBp) arrays (x axis). For the K9vBp arrays, the strains being compared were grown in the same environmental batch (interstrain A, batch 2; interstrain B, batch 6). For the BpvBp arrays, the strains being compared were grown in different environmental batches (batch 3 and batch 4). In the intrastrain A panel (right panel), expression ratios of one BpvBp array were compared to another BpvBp array, where the strains being compared were grown in different environmental batches (x axis, batches 1 and 2; y axis, batches 3 and 4). Blue, red, and green lines and crosses represent genes whose ratios of expression are greater than 2-, 5-, and 10-fold, respectively. The distribution of expression ratios in the intrastrain comparison reflects the inherent variability in gene expression due to subtle differences in environmental batches. More genes are observed to exhibit significant differences in mRNA abundance in the interstrain arrays than in the intrastrain arrays. (B) Identification of genes exhibiting intrinsic differences in mRNA abundance between strains. Each horizontal row in the clustergram represents a single microarray profile, totaling six BpvK9 arrays and six K9vBp arrays (reciprocal hybridizations), where the strains used in each array were isolated from the same environmental batch. Each vertical column represents a single unique gene in the B. pseudomallei genome, and a total of 139 genes (columns) are shown. Genes were selected according to their consistency of mRNA abundance differences between the strains (see the text), with red indicating higher and green indicating comparatively lower expression. The scale bar indicates the extent of differences in mRNA abundance. Examples of specific genes are indicated below the clustergram. (C) Integration of transcriptional and genomic information. The 139 genes exhibiting strain-specific patterns of mRNA abundance (the clustergram in B) are plotted with their mRNA expression ratios on the x axis and their array-based comparative genomic hybridization values on the y axis. For both axes, the data are depicted as a Bp15682 versus K96243 comparison (Bp15682 being the numerator) on a log-transformed scale. Points are color-coded as follows: pink, increased mRNA abundance in Bp15682; blue, increased mRNA abundance in K96243; red, increased mRNA abundance in K96243 and also belonging to a genomic RD.
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on November 11, 2017 by guest http://jb.asm.org/ exhibit differential virulence in mouse infection assays (C.O., data not shown). These findings confirm the existence of substantial phenotypic differences between these two isolates, which forms the basis of the subsequent molecular comparisons reported in the following sections.
Comparative genomics of B. pseudomallei isolates. Previous reports have found that that several pathogenic bacteria appear to express virulence traits during the stationary phase of growth. For example, expression of virulence factors in Legionella pneumophila has been correlated with entry into stationary phase (2), and in B. pseudomallei the Pml/BpsIR quorumsensing system has been shown to regulate virulence and genes during this portion of the growth phase as well (27, 31) . Under carefully controlled laboratory conditions, we grew both B. pseudomallei strains as a series of paired cultures in rich liquid medium. For each pair of cultures (K96243 and Bp15682), aliquots were harvested at late stationary phase and subdivided for subsequent comparative genomic, expression profiling, and proteomic profiling (Fig. 1A) . In total, we grew six independent batches of paired cultures, where each batch was grown on a separate day.
First, we compared the genomes of K96243 and Bp15682 by FIG. 4 . Proteomic profiling of B. pseudomallei strains. A) Experimental reproducibility of B. pseudomallei proteomes. The Bp15682 proteome (batch 6) was compared to the proteome of the K96243 strain from the same environmental batch and to another Bp15682 proteome from a different environmental batch (batch 5). Comparisons were performed by two-dimensional gel spot-to-spot matching, using the Bp15682 (batch 6) gel as a reference. 95% (304/320) of the Bp15682 reference spots could be matched to a similar spot on the Bp15682 (batch 5) gels, while only 79% (254/320) of the Bp15682 reference spots could be matched to the K96243 (batch 6) gels. B) Transcriptional expression levels of all genes compared to genes corresponding to detected proteins. The expression units in the x axis correspond to the log-transformed absolute hybridization intensity measurements of the array probes after background subtraction and intra-array channel normalization (see Materials and Methods). Two populations are depicted: all genes and genes corresponding to detected proteins (black arrows). The y axis depicts the percentage of genes in a population exhibiting an expression level equal to or less than a particular value (x axis). For example, 50% of all genes exhibit an expression value of 7 or less (dotted lines), while in the detected protein population this fraction is approximately 30%. The P value depicts the statistical difference in the two populations using a z test score. For each population, two lines are shown, representing the Cy3 and Cy5 fluorescent dyes (pink and blue, all genes; red and green, detected proteins). C) Two classes of proteomic differences between B. pseudomallei strains. Shown are close-up images of two-dimensional gels containing Bp15682 (left) and K96243 (right) proteins. The green circle represents a protein (BPSS0890) that, under the limits of the two-dimensional electrophoresis/MS platform, is expressed in Bp15682 but not K96243 (see the text). The red circle represents a protein (BPSS2346) which is expressed in both strains but associated with different electrophoretic mobility patterns, implying the presence of strain-specific posttranscriptional or posttranslational modifications. D) Transcriptional expression ratios of genes corresponding to strain-specific proteins. Two populations are depicted: genes corresponding to Bp15682-specific proteins (green) and to K96243-specific proteins (brown). The y axis depicts the percentage of genes exhibiting an expression level equal to or less than a particular expression ratio (Bp15682/ K96243, x axis). BPSS1529 was not included in this analysis due to its extreme fluorescence ratio (Ͼ3) and was considered an outlier. Higher expression ratios indicate that a gene is more abundantly expressed in Bp15682 than in K96243. Genes corresponding to Bp15682-specific proteins are more likely to exhibit increased expression in Bp15682 than genes corresponding to K96243-specific proteins. The P value indicates the statistical difference between the two populations, as measured by a one-tailed t test (equal variance).
array-based comparative genomic hybridization (aCGH) using whole-genome B. pseudomallei DNA microarrays constructed using the K96243 reference genome (22) . These arrays contain approximately 5,400 nonredundant probes covering the entire B. pseudomallei genome, with an average spacing of 1 array probe/1 kb (see Materials and Methods). Genomic DNAs from the two strains were differentially labeled with fluorescent dyes and cohybridized to the microarray. In this assay, array probes exhibiting comparable levels of fluorescence for both strains represent genetic loci that are present and conserved in both K96243 and Bp15682. Conversely, probes exhibiting a decreased fluorescence value in Bp15682 compared to K96243 would correspond to genomic loci present in K96243 but which are either absent or exhibit a substantially divergent nucleotide sequence in Bp15682.
The B. pseudomallei genome comprises two circular chromosomes of lengths 4 Mb and 3.1 Mb. We found that almost three-quarters (270/368, or 73%) of the array probes displaying an array-based comparative genomic hybridization ratio of less than Ϫ0.3, and hence considered different between K96243 and Bp15682 (see Materials and Methods), could be clustered into a series of distinct genomic regions ( Fig. 2A and B) . In keeping with previous nomenclature, we refer to these regions as regions of difference (RDs) (11) . Because most of the RDs typically involve multiple adjacent array probes and exceed 10 to 15 kb in length, it is likely that these RDs represent genomic regions that are physically absent in Bp15682 compared to K96243, rather than regions of divergent nucleotide sequence. In favor of this hypothesis, many of the RDs contain open reading frames (ORFs) encoding proteins related to bacteriophages, DNA integrases, and transposons (see our website), suggesting that they may have been recently acquired. For example, RD3, corresponding to genomic island 2 (17), comprises 35 array probes covering a 50-kb region on chromosome 1 and contains several genes with homology to genes found in the CTX family of bacteriophages (21) . These results indicate that distinct B. pseudomallei strains are genetically heterogeneous and are consistent with a recent report proposing that bacteriophages are major contributors to the genomic diversity of this species (6) .
A total of sixteen distinct RDs were identified between K96243 and Bp15682. Of these 16 RDs, 13 could be matched to the genomic islands previously identified by the B. pseudomallei genome sequencing effort (17; see our website). We conducted a series of PCR validation experiments to confirm the absence of these RDs in Bp15682 (see our website). The absence of these regions in Bp15682 could be due to loss of these sequences by Bp15682 or acquisition of these sequences by K96243. To distinguish between these possibilities, we profiled a further 17 natural isolates of B. pseudomallei, obtained from a variety of clinical, animal, and environmental sources ( Fig. 2C and D) . Of the 16 RDs, seven (RDs 4, 5, 6, 7, 9, 11, and 12) were present in K96243 but not in the other strains; it is thus likely that K96243 specifically acquired these RD sequences.
Supporting this model, ORFs in these seven RDs exhibited a %GC content distribution that was significantly lower (55 to 60%) than the global %GC content distribution derived from all ORFs (65 to 70%) in the genome (see our website). In contrast, one RD (RD13, on chromosome 2) was absent in Bp15682 but present in all the other strains, suggesting that Bp15682 probably lost this sequence. RD13 does not contain obvious phage-related elements but instead several metabolic genes involved in fatty acid and polyketide biosynthesis (BPSS029 to BPSS0320).
The remaining eight RDs exhibited a more complex pattern; RDs 1, 2, 3 and 8 are present in a subset of strains but not others, while RDs 10, 14, 15, and 16 appear to be only partially absent in the other strains. Further work will have to be performed to investigate the origin of these eight RDs. Nevertheless, for 50% (8/16) of the RDs, we were able to ascribe a likely reason (DNA acquisition or loss) for the differential presence of these sequences between K96243 and Bp15682. Taken collectively, these comparative genomic studies confirm and complement findings from the B. pseudomallei genome analysis that many of the RDs/genomic islands are indeed differentially present across distinct B. pseudomallei strains. Furthermore, the microarray analysis also revealed additional genomic regions (e.g., RD13) that are differentially present in natural isolates of B. pseudomallei, which may also contribute to the phenotypic diversity of this microbial species.
Global differences in RNA expression between B. pseudomallei isolates. To characterize the intrinsic differences in the transcriptomes of K96243 and Bp15682, we isolated mRNA from the six independent batches and generated expression profiles of these strains using the same microarrays. Between the two strains, we consistently observed dramatic differences in mRNA abundance for several genes, in some cases exceeding 10-fold (Fig. 3A, left and middle panels) . The differences in mRNA abundance between the strains are unlikely to be due to environmental variability, since such differences were not observed when we compared the expression profiles of the same strain grown across different batches (Fig. 3A, right  panel) .
We then used the analytical technique SAM (30) to identify genes exhibiting consistent differences in mRNA abundance between K96243 and Bp15682, and identified a total of 127 genes whose mRNA abundance was apparently greater in either one strain or the other (Fig. 3C) . Assuming a total gene complement of approximately 5,700 genes, this finding suggests that at least 2% of the B. pseudomallei transcriptome can potentially vary between different strains. We emphasize, however, that this figure is almost certainly a lower limit, as not all the predicted ORFs in the B. pseudomallei genome may be transcriptionally expressed under these conditions. Genes exhibiting strain-specific differences in mRNA abundance were associated with a wide variety of cellular functions, including cellular invasion (BPSS1529, similar to Shigella flexneri ipaD, and BPSS1531, similar to Bordetella bronchiseptica bopD), transcription (transcriptional regulators BPSL2068 and BPSL2313), and polysaccharide synthesis (BPSL2794-wcbM/ gmhD) (see our website).
In several cases, genes exhibiting strain-specific mRNA abundance patterns could be localized to specific chromosomal gene clusters, including several members of a gene cluster related to flagellar assembly and function (BPSL0226, 231-233) (see our website), and a separate cluster of genes related to cellular invasion (see above) which lies adjacent to a previously identified type III secretion locus (28) . The set of 127 differential genes also contained more than 30 members that were We considered possible molecular mechanisms that might contribute towards generating these strain-specific patterns of gene expression. Generally, strain-specific patterns of gene expression might be due to the activity of trans-acting factors, such as transcriptional regulators and factors regulating mRNA stability, and/or cis-acting factors, ranging from nucleotide polymorphisms in gene promoter sequences to overt differences in gene copy number and the absence/presence of genes. This last possibility is of particular relevance to microbes, due to their flexible genomic content. Although studies investigating the contributions of cis-and trans-acting factors to natural variations in gene expression have been reported for eukaryotes ranging from yeasts to humans (3, 26) , similar studies have yet to be performed for prokaryotes.
Thus, to assess if in B. pseudomallei either gene copy number or gene absence/presence was a significant contributor to intrinsic variations in mRNA abundance, we integrated the mRNA expression and array-based comparative genomic hybridization data to reflect the mRNA abundance of a particular gene as a function of its genomic status (Fig. 3C) . Remarkably, of 78 genes exhibiting increased mRNA abundance in strain K96243, 54 genes (69%) could be localized to a previously defined RD, indicating that the apparent enrichment in mRNA abundance of these genes in K96243 is simply due to these genes being absent in Bp15682. There was no obvious difference in the copy numbers of genes exhibiting increased mRNA abundance in Bp15682 compared to K96243 (P.T., unpublished observations). In total, of 127 genes exhibiting strain-specific mRNA abundance, a total of 43% (54/127) could be attributed to variations in gene absence/presence. These results suggest that differences in gene copy number can play a substantial role in shaping the intrinsic transcriptome profile of distinct bacterial isolates in the natural environment, supporting the importance of either horizontal gene transfer or gene loss events in shaping the gene expression phenotype of natural bacterial isolates.
Global differences in the proteomes of B. pseudomallei isolates. We then used two-dimensional electrophoresis/mass spectrometry (MS) technology to compare the proteomes of K96243 and Bp15682. To obtain a general sense of the overall differences between the strain proteomes, we first compared the K96243 and Bp15682 protein populations isolated from the same batch of paired cultures (batch 6). Of 320 protein spots observed in the Bp15682 (batch 6) proteome, 254 (or 79%) could be matched to a counterpart of similar molecular weight and isoelectric point in the K96243 (batch 6) proteome. This result suggests that a remarkable 20% of the proteome, as detected by the two-dimensional electrophoresis platform, may be different between K96243 and Bp15682 (Fig. 4A) . The proteomic differences between the two strains are unlikely to be caused by environmental or technical variability, as 304 (or 95%) of the 320 protein spots could be matched between two Bp15862 proteomes from different batches (batch 5 versus batch 6). This finding establishes the existence of substantial intrinsic differences in global protein patterns between different strains of B. pseudomallei.
It is well known that the two-dimensional electrophoresisgel technology, similar to other protein detection technologies, including liquid chromatography (LC)/MS/MS, is biased towards the detection of abundantly expressed proteins. To explore the relationship between protein abundance and mRNA levels in B. pseudomallei, we then used MALDI-TOF mass spectroscopy to determine the identities of 274 protein spots that were expressed in both common and strain-specific patterns (see our website). Specifically, we included all identifiable strain-specific protein spots that could be resolved by the twodimensional electrophoresis platform (88 spots) and a subset of commonly expressed protein spots (corresponding to 129 spot pairs). We identified a total of 130 distinct proteins by MS and compared the distribution of mRNA abundances in this protein population (the 130 detected proteins) to the distribution of mRNA abundances corresponding to all genes ( Fig. 4B ; see Materials and Methods). We found that genes in the detected protein population were associated with a statistically significant bias towards greater mRNA abundance (P Ͻ 0.0001, z test) than occurs in the global gene population. For example, while 50% of all genes exhibit a log-transformed expression value of 7 or less, this fraction in the detected protein population is approximately 30%. Thus, in B. pseudomallei, there appears to be a strong positive correlation between the levels of mRNA and protein abundance when assessed on a global scale.
The proteins we detected using this approach were associated with a wide variety of cellular functions, including core transcription and translation (BPSL3187-RPOA, BPSL3228, and 3215-TUFA1/A2), protein folding (BPSL2697 to GROEL), energy metabolism (BPSL2887 to PNTAA), and cellular invasion (BPSS1545-INVG) (see our website). Similar to the transcriptional data, several expressed proteins could be localized to genomic clusters, such as BPSL3396, -3398, and -3399, which encode the beta, alpha, and delta subunits of ATP synthetase, and BPSL1535, -1536, -1537, and -1540, containing the genes PHBA and PHBB. Notably, of the 133 detected proteins, more than 20 proteins had been previously annotated as conserved hypothetical proteins by the B. pseudomallei genome annotation project; our results establish that bona fide protein entities do indeed exist for these genes.
Strain-specific protein isoforms comprise a major component of proteomic variability between B. pseudomallei isolates. The exact location of a protein spot on a two-dimensional electrophoresis gel is dependent upon multiple protein-specific factors, such as isoelectric charge, protein length/molecular weight, and other protein-related modifications (e.g., phosphorylation). As such, the differential presence of a protein spot between the two strains could be due to either the general presence or absence of the protein in one strain compared to the other (differential expression) or differentially migrating strain-specific protein isoforms, possibly resulting from differences in processes such as post translational modifications or translational termination.
We found that of the 53 proteins exhibiting strain-specific behavior, 43 proteins (or 81%) were apparently expressed in one strain and not the other, while the remaining 10 proteins (19%) were expressed in both strains but were associated with isoforms of different electrophoretic mobilities (Fig. 4C) . We note that the former finding of 43 differentially expressed proteins should be interpreted in the context of the two-dimensional electrophoresis/MS platform's inherent limitations; it is possible that an absent protein could still be expressed but at a level below the detection limit of the two-dimensional electrophoresis system or as a differentially migrating protein isoform that was not resolved under the protein separation conditions employed in these experiments. For the 10 proteins expressed in both strains, we found that differentially migrating isoforms of these proteins accounted for 34 of the 88 strain-specific spots, or 38% of the overall proteomic variability between isolates.
We further confirmed that these strain-specific isoforms are highly distinct and reproducible across independent growth batches, suggesting that they are likely to be present in vivo (see our website). One striking example is the protein BPSL3041 or PaaZ, a putative phenylacetic acid degradation oxidoreductase, which is present as 14 and 5 protein spots in K96243 and Bp15682, respectively; however these protein spots are nonoverlapping between the two strains (see our website). These results suggest that up to 38% of the naturally occurring intrinsic proteomic variability between the different isolates of B. pseudomallei may be strain-specific protein isoforms, possibly generated through strain-specific mechanisms of posttranscriptional or posttranslational modification (see Discussion).
Finally, we also compared the mRNA abundance levels of genes corresponding to the 43 proteins that were apparently expressed in a strain-specific pattern. As seen in Fig. 4D , proteins that were expressed in an apparently K96243-specific manner had an mRNA abundance distribution that was weakly but significantly biased towards K96243, while proteins that were expressed in an apparently Bp15682-specific manner had a reciprocal bias towards Bp15682 (P ϭ 0.03, one-tailed t test). Thus, there appears to be a subtle but significant positive correlation between mRNA abundance and protein expression in B. pseudomallei. We thus speculate that posttranscriptional regulation of mRNA messages may play a relatively minor role in determining the ultimate level of protein expression in B. pseudomallei. Further research will be required to assess if this is indeed the case.
DISCUSSION
We have in this report undertaken a systematic characterization of the genomic, transcriptional and proteomic variability inherent to two distinct isolates of the gram negative human pathogen B. pseudomallei. Our primary motivation in this study was to use B. pseudomallei as a model system to define, at all three cellular levels, the general extent and character of molecular differences existing across bacterial isolates in the natural environment. By integrating information from distinct cellular levels, we were able to demarcate the general extent to which specific types of variations at one cellular level might affect components at other levels. Previous reports, primarily on eukaryotic organisms, have attempted to relate genomic and transcriptional information (3, 18) or transcriptional to proteomic information (19, 33) , but to our knowledge, our work represents one of the first times where all three levels, genomic, transcriptional, and proteomic, have been analyzed simultaneously, particularly to compare natural isolates of a recognized human pathogen. It is likely that our results will be of interest to other infectious disease researchers, since many features of B. pseudomallei, such as its genomic plasticity, exposure to diverse environments, and ready adaptability, are also commonly observed in other microbial pathogens as well.
The information generated in this study raises a number of specific hypotheses with respect to the molecular basis of phenotypic differences between the isolates. For example, strain K96243 displays increased virulence to C. elegans compared to Bp15682 (Fig. 1C) and also exhibits comparatively greater expression levels of genes related to polysaccharide synthesis (BPSL1122 and BPSL2794) and exported or membrane-associated proteins (BPSL0584 and BPSL2038), raising the possibility that these processes might contribute to nematode pathogenicity. In contrast, Bp15682 is less nematocidal than K96243 despite expressing increased levels of genes related to cellular invasion (BPSS1524, BPSS1526), suggesting that perhaps cellular invasion pathways may be less relevant for virulence in this particular animal model. It will be important to pursue these observations using more targeted experimental strategies.
In addition to providing a better understanding into the specifics of B. pseudomallei behavior, we also made two general findings with potential relevance to the general question of pathogen diversity. The first finding was the large extent to which strain-specific genes contributed to the overall gene expression differences between microbial isolates. It is well accepted that a major proportion of the genomic diversity in natural microbial isolates can be attributed to the lateral transfer of foreign sequences. What is less clear, however, is the extent to which genes on these acquired sequences ultimately contribute to the overall differences in mRNA and protein expression between isolates, particularly when one considers other potential sources of genomic diversity such as chromosomal rearrangements and fine-scale nucleotide alterations. Our results indicate that differentially present sequences, represented by RDs or genomic islands, although occupying approximately 6% of the B. pseudomallei genome, can nevertheless account for close to half (43%) of the intrinsic differences in gene expression between isolates. Our results are consistent with the possibility that lateral gene transfer or gene loss events may represent the major genetic basis of natural variation in microbial gene expression and that background transcription from the common and stable chromosomal cores may vary rather minimally between different strains of B. pseudomallei. Obviously, more work, with larger numbers of isolates, will be required to assess the validity of this hypothesis.
The second general finding was the surprisingly large extent to which strain-specific protein isoforms contributed to the overall proteomic variability of the isolates (Ͼ1/3, or 38%). We found that these strain-specific isoforms were reproducibly observed across multiple independent growth batches, suggesting that they are indeed present in vivo (see our website). In these experiments, we attempted to minimize protein degradation by preparing the protein lysates in the constant presence of protease inhibitors and storing the samples at Ϫ80 degrees prior to two-dimensional electrophoresis analyses. Nevertheless, we VOL. 187, 2005 INTEGRATIVE GENOMICS OF B. PSEUDOMALLEI 4283 acknowledge a formal possibility that some of the different isoforms identified by this approach might not reflect the true in vivo state, but instead result from degradation induced by the protein preparation process. For example, it is possible that amino acid changes resulting from strain-specific genetic polymorphisms might generate proteins with different susceptibilities to in vitro degradation. In preliminary experiments, we note that strain-specific polymorphisms in these genes do indeed exist (D. Wong, data not shown).
Regarding the types of modifications that might give rise to these isoforms, our preliminary data suggest that at least some of the protein isoforms can be attributed to differential protein truncation at the N terminus (see our website), but it is also possible that other processes, such as differential translational termination, may also play a role in the establishment of these isoforms. This result bears testament to the remarkable and often underappreciated biological complexity of microorganisms, which can be revealed using appropriate experimental tools. It is worth noting that this discovery, using two-dimensional electrophoresis technology, might have been missed using newer shotgun proteomic technologies such as LC/MS/MS, as in the latter, whole protein characteristics such as isoelectric point and molecular weight are typically not preserved. The consequences of such proteomic variability, which may involve diverse posttranscriptional or posttranslational processes ranging from protein truncation, phosphorylation, and glycosylation, in contributing to the differences in isolate phenotype will constitute another important area of future research. One particular area of interest would be with regard to their effects on antigenic variation and the ability of the pathogen to evade the host immune system.
In conclusion, recent events such as the severe acute respiratory syndrome coronavirus outbreak (9) have served to remind the worldwide scientific community that emerging infections unfortunately remain a major global health challenge, with great potential to cause significant morbidity and mortality. In the specific case of melioidosis, there is a growing recognition that beyond its well-accepted endemic presence in southeast Asia and northern Australia, the global health burden due to B. pseudomallei infections may actually be much higher but underrecognized (34) . Furthermore, a recent cluster of melioidosis cases in Brazil may indicate that this disease may be spreading (24) . Understanding how this complex microbe interacts with the environment and potential hosts to diversify and cause disease will pose a significant research challenge for microbiologists and infectious disease specialists for some time to come.
